Adipose tissue inflammation increases with obesity, but adipocyte vs. immune cell contributions are unclear. In the present study, transcriptome analyses were performed on highly-purified subcutaneous adipocytes from lean and obese women, and differentially expressed genes/ pathways were determined in both adipocyte and stromal vascular fraction (SVF) samples. Adipocyte but not SVF expression of NOD-like receptor pathway genes, including NLRP3 and PYCARD, which regulate caspase-1-mediated IL-1β secretion, correlated with adiposity phenotypes and adipocyte class II major histocompatibility complex (MHCII) gene expression, but only MHCII remained after adjusting for age and body mass index. IFNγ stimulated adipocyte MHCII, NLRP3 and caspase-1 expression, while adipocyte MHCII-mediated CD4 + T cell activation, an important factor in adipose inflammation, induced IFNγ-dependent adipocyte IL-1β secretion. These results uncover a dialogue regulated by interactions among T cell IFNγ and adipocyte MHCII and NLRP3 inflammasome activity that appears to initiate and escalate adipose tissue inflammation during obesity.
Introduction
Obesity is characterized by adipose tissue expansion due to adipocyte hypertrophy and a dramatic accumulation of immune cells (Han and Levings, 2013; Olefsky and Glass, 2010) . These pro-inflammatory adipose changes profoundly impact multiple organs to promote insulin resistance, nonalcoholic steatohepatitis, atherosclerosis, and pancreatic beta-cell loss, which leads to type 2 diabetes (Shoelson et al., 2006) . However, little is known about which adipose cell types regulate specific inflammatory pathways. Adipocytes are highly responsive to changes in caloric load, and are thus strong candidates to regulate adipose immune cell changes. We have reported that adipocyte MHCII expression increases early during high fat diet (HFD) administration and can activate adipose resident CD4 + T cells to adopt a pro-inflammatory phenotype (Deng et al., 2013b) . Adipocytes also express innate immunity proteins, including toll-like receptors (TLRs) and NOD-like receptors (NLRs), and activation of adipocyte TLR4 signaling by saturated free fatty acids (FFAs) stimulates pro-inflammatory cytokine production, and adipocyte insulin resistance (Song et al., 2006) . Thus, adipocytes can contribute to adipose inflammation via both adaptive and innate pathways during obesity.
Previous studies of obese vs. lean whole adipose tissue samples, did not directly address adipocyte-dependent contributions to adipose inflammation. We therefore analyzed highlypurified adipocytes of lean and obese postmenopausal women to identify pathways differentially regulated in obesity and correlations of candidate genes with obesity-related phenotypes. Our data indicate that multiple NLR genes increase in adipocyte but not SVF samples of obese women, and suggest that adipocyte NLRP3 inflammasome activity is a major contributor to adipose inflammation and dysfunction during obesity.
Materials and Methods

Study subjects
Subcutaneous adipose was obtained from 44 women kg/m 2 , 35 Caucasian, 6 Hispanic, and 3 African-American) undergoing elective abdominal surgery at the Houston Methodist Hospital (Table 1) . Exclusion criteria included fever or infection, renal or neoplastic disease, organ transplantation, steroid use, AIDS, >10% weight change within the previous 3 months, type-1 diabetes, hemochromatosis, or lipodystrophy. Men were excluded to avoid hormonal differences that can affect inflammatory processes. Subjects were assessed for systolic and diastolic blood pressure (SBP and DBP), body mass index (BMI), waist circumference, waist-hip-ratio (WHR), body adiposity index (BAI,[(hip circumference)/(height) 1.5 ]-18) (Bergman et al., 2011) . Pre-surgery plasma samples were analyzed for fasting glucose (FPG), insulin (FPI; EZHI-14K; Millipore, Billerica MA), triglycerides (TG), total cholesterol (Chol), high-and low-density lipoprotein cholesterol (HDL and LDL), high-sensitivity C-reactive protein (hsCRP), aspartate and alanine aminotransferase (AST and ALT), and TNFα, IL-6, CCL2 and leptin concentrations (MADPK-71K, Millipore). Subcutaneous adipose was biopsied near the umbilicus, immediately transferred to ice-cold saline and processed to isolate adipocytes and stromal vascular fraction (SVF) samples (Halleux et al., 1999) . This study was approved by the Institutional Review Board of the Houston Methodist Hospital. All subjects gave written informed consent prior to participation.
RNA analyses
Adipocytes and SVF were isolated, and adipocyte samples were leukocyte-depleted to achieve <0.1% leukocyte contamination as previously described (Deng et al., 2013b) . Adipocyte RNA samples isolated from consecutive post-menopausal lean (BMI <25 kg/m 2 ) and obese (BMI 30-40 kg/m 2 ) women ( Table 1 ) that met RNA integrity criteria were analyzed by MOgene LLC (St. Louis, MO) using Agilent Human Whole Genome 4x44K arrays (Santa Clara, CA). Results were processed with the R-2.13.2 platform and the Bioconductor Agi4x44Preprocess package under default settings and deposited in the NCBI Gene Expression Omnibus (GEO) database under accession number GSE44000. All qualified probes were consolidated using the gene-set enrichment analysis (GSEA) platform CollapseDataset tool with default settings (Subramanian et al., 2005) . Genes showing significant differential expression were identified using SAM (Tusher et al., 2001) . RT-PCR analyses used reagents from Applied Biosystems (Grand Island, NY), with gene expression normalized to PPIA expression.
Network analysis
GSEAs were performed using GSEA v2.07 with 186 KEGG human pathways (Subramanian et al., 2005 ). Fisher's exact test and statistical corrections for multiple comparisons (Fisher, 1922) were calculated in MATLAB to identify pathways enriched with significant genes. Pathway overlap was analyzed with the Cytoscape 2.8.2 network visualization platform with Enrichment Map plugin v1.2 (Merico et al., 2010) .
Capase-1 activity
Caspase-1 activity in protein lysates of total human adipose tissue and purified mouse adipocytes was measured using a fluorometric assay kit (BioVision, San Francisco, CA).
Mouse Studies
Male C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME) were randomly assigned to chow (8904, Harlan Teklad) or high-fat diet (HFD: 60% kcal fat; D12492, Research Diets, New Brunswick, NJ) for 12 weeks then sacrificed for adipocyte and SVF isolation from epididymal fat (Deng et al., 2013b) . Mouse SVF and adipocyte samples were generated using pooled adipose tissue from 3-4 chow-fed mice or 2 obese mice per sample. All animal procedures were conducted in a specific pathogen-free facility at the Houston Methodist Research Institute in accordance with institutional animal care and use committee guidelines.
Cell culture studies
Post-confluent 3T3-L1 cells were induced to differentiate in DMEM with 10% FBS, 1 µM dexamethasone, 0.5 mM IBMX, and 10 µg/ml insulin for 2 days, then maintained in DMEM/10% FBS/10 µg/ml insulin for 8 days. Cells were then incubated with PBS, 5ng/ml TGFβ or TNFα, 200 µM BSA-conjugated-palmitate, 2 ng/ml IFNγ, 10 ng/ml IL-1β or IL-6, or 100 ng/ml lipopolysaccharide (LPS); increasing doses (0-1000 pg) of IFNγ; or 2 ng/ml IFNγ plus 100 ng/ml LPS for 24 hrs prior to RNA isolation. TGFβ, IFNγ, TNFα, IL-1β and IL-6 were obtained from R&D Systems (Minneapolis, MN). Palmitate and LPS were purchased from Sigma-Aldrich (St. Louis, MO). Primary mouse adipocytes were purified from epididymal fat pads of HFD-fed C57BL/6J mice (Deng et al., 2013b) , mixed with icecold Matrigel (BD Biosciences; San Jose, CA) using a 1:5 adipocytes to gel ratio that was seeded into chilled 96-well plates (40µl/well) for 5 min on ice then congealed 10 min at 37 C. CD4 + T cells of ovalubmin-reactive B6.Cg-Tg(TcraTcrb)425Cbn/J mice (Jackson Laboratory) were added to primary adipocyte cultures at 5×10 5 cells/well in 150ul RPMI-1640/10% FBS/β-mercaptoethanol with or without 500ug/ml ovalbumin (SigmaAldrich) or 2ng/ml IFNγ (R&D Systems), and supernatant IL-1β and IFNγ concentrations were analyzed by ELISA (BD Biosciences) after 3 days culture.
Statistical analyses
For correlation analyses, continuously-scaled variables were skew-zero transformed to remove scale and range effects by converting each variable's percentile scores into inverse cumulative standard normal variates. Pearson partial correlation analysis was then run on the skew-zero variables with adjustment for age, BMI or age+BMI. Stata Version 11 was used for skew-zero transforms and Statistica Version 10 for partial correlation.
Results
The NOD-like receptor (NLR) pathway is upregulated in adipocytes from obese subjects
Subcutaneous adipose biopsies from women undergoing elective abdominal surgery (Table  S1 ) were processed as previously described to isolate purified adipocytes (Deng et al., 2013b) . Macrophage-(Emr1) and T-cell-specific (Cd3d) mRNAs were substantially depleted in purified adipocyte fractions (Fig. S1 ), consistent with previous results of <0.1% leukocyte contamination (Deng et al., 2013b) , while SVF samples were depleted of adipocyte-specific (Adipoq) mRNA. Adipocyte RNA samples isolated from the first 7 consecutive lean (BM1<25 kg/m 2 ) and obese (BMI >30 and <40 kg/m 2 ) postmenopausal subjects were subjected to microarray analyses. Subjects whose samples were chosen for microarray analysis were similar to their corresponding groups in the total population (Table  1) . No differences were apparent among the two lean groups, but the BMI, BAI and waist values were greater in the total vs. microarray obese populations, due to the more restrictive BMI criteria used to define the latter group. There was also a difference in ALT among the two obese groups, although not between lean vs. obese subjects in either group. The lean vs. obese groups of the total population demonstrated differences in parameters associated with obesity (BMA, BAI, WHR, waist) metabolic syndrome (FPG, TG, SBP), plasma factors (FPI, Chol, LDL, hsCRP) and insulin resistance. Microarray subjects demonstrated corresponding trends for change in all these parameters, but likely due to the smaller sample size these reached significance only for BMI, BAI, and hsCRP.
The microarray analysis detected 15 177 genes, of which 2 309 significantly differed (>1.5-fold absolute change, p-value <0.05) with obesity. GSEA of KEGG pathways using a nominal enrichment score (NES) p-value <0.01 and false discovery rate (FDR) q-value <0.01 identified 27 pathways enriched with genes up-regulated in obesity and 2 pathways enriched with down-regulated genes. Fisher's exact test found that 21 of the 27 pathways were enriched with genes demonstrating significant changes between lean vs. obese groups (Benjamini-adjusted NES p<0.1 and FDR q<0.05). Shared genes connected 20 of these 21 pathways (Fig. 1A) , segregating into two highly-interactive clusters.
Gene sets in the smaller cluster shared only one gene, the Erk MAPK family member MAPK3, while those in the larger cluster shared 5 genes of the class II major histocompatibility complex (HLA-DRA and HLA-DRB1, -3, -4, and -5), which we have reported is a key instigator of adipose inflammation during caloric excess (Deng et al., 2013b) . The KEGG NOD-like receptor signaling pathway linked two nodes: cytokinecytokine receptor interaction, which linked the two clusters, and the chemokine signaling pathway node. The toll-like receptor signaling pathway, which can regulate NOD-like receptor (NLR) signaling (Becker and O'Neill, 2007) , missed the cut-off for enriched KEGG pathways (FDR q=0.025).
Multiple NOD signaling genes (15/57) were differentially regulated in adipocytes of obese subjects (>1.5-fold change, p<0.05), while four more (BIRC3, CARD9, TAB1 and NLRC4) revealed similar fold-changes at p<0.1 (Fig. 1B-C , red dots). Further, 7 of 18 components of the NLR inflammasome pathway increased (p<0.01) with obesity ( Fig. 1C-D , blue dots), including 2 of 3 genes required for NLRP3 inflammasome activity (NLRP3 and PYCARD), as well as the inflammasome substrates IL-1β and IL-18.
Adipocyte, but not SVF, inflammasome expression increases with obesity
Adipocytes express all three components required for NLRP3 inflammasome activity (NLRP3, PYCARD and CASP1), and adipocyte NLRP3 and PYCARD expression significantly increased in obese versus lean subjects, as did other TLR-regulated genes (IL1B, CCL2 and TNF), validating our array results ( Fig. 2A) . However, SVF NLRP3 and PYCARD expression did not increase with obesity (Fig. 2B) , and was similar in matched adipocyte and SVF samples of obese subjects (Fig. 2C ). Caspase-1 activity increased in obese versus lean adipose tissue samples (Fig. 2D) , but was not measured in human adipocyte and SVF fractions due to insufficient sample.
Purified epididymal adipocytes of obese versus lean C57BL/6 mice revealed Nlrp3 and Il1B increases similar to those in human adipocytes, and increased Casp1 expression, but no increase in Pycard mRNA level (Fig. 2E) . Adipocyte IL-1β protein levels markedly increased with obesity, as did caspase-1 activity, corresponding with increased caspase-1-dependent IL-1β secretion ( Fig. 2F-H) . Taken together, these data suggest that adipocytes substantially contribute to increased NLRP3 inflammasome activity in adipose tissue of obese humans and mice.
NLRP3 and PYCARD correlate with adiposity, inflammation and adipocyte MHCII
NLRP3 and PYCARD expression strongly correlated in human adipocytes, and both correlated with age, all measures of adiposity (BMI, WHR, BAI), SBP, FPI, hsCRP and leptin, and adipocyte expression of select adipokine (LEP, CCL2, TNF, IL1B), anti-oxidant (NQO1) and MHCII (CIITA and HLA-DPB) genes (Table 2) . However, only PYCARD expression significantly correlated with HOMA-IR. Adipose caspase-1 activity correlated with NLRP3 and PYCARD, adiposity (BMI, BAI, but not WHR), plasma LDL, IL-6 and hsCRP, but not age or any other factors correlated with adipocyte NLRP3 and PYCARD expression. Adjusting for age and BMI, however, abrogated all correlations except NLRP3 with PYCARD, and their correlations with adipocyte MHCII expression ( Table 2) .
SVF NLRP3 and PYCARD expression does not correlate with adiposity
In sharp contrast, SVF NLRP3 and PYCARD expression correlated with each other, but not with age, adiposity or metabolic syndrome factors, or adipose caspase-1 activity (Table 3) . Macrophages invade adipose tissue during weight gain and polarize to a pro-inflammatory M1 versus an anti-inflammatory M2 phenotype (Han and Levings, 2013; Olefsky and Glass, 2010) . SVF NLRP3 and PYCARD expression strongly correlated with the macrophage marker CD68, and trended (p<0.1) to negatively correlate with CD68-normalized expression of the M2 marker ARG1 (ARG1/CD68), but did not positively correlate with the M1 marker ITGAX (ITGAX/CD68). NLRP3 and PYCARD strongly correlated with SVF IL1B, but not other pro-inflammatory cytokines, including IFNG, suggesting that SVF NLRP3 inflammasome expression was not stimulated by these cytokines, which are known to increase in adipose tissue with weight gain.
Adipocyte NLRP3 and PYCARD expression is regulated by IFNγ
MHCII expression in adipocytes is primarily regulated by IFNγ (Deng et al., 2013b) . Thus, strong correlations among adipocyte MHCII and inflammasome expression in human adipocytes may reflect common regulation by IFNγ primarily produced by adipose-resident T cells. Mouse 3T3-L1 adipocytes were incubated with pro-inflammatory adipokines, FFA and LPS to analyze the effect of stimuli present during obesity. Similar to adipocyte expression in obese vs. lean mice, IFNγ increased Nlrp3 and Casp1 expression, but not Pycard (Fig. 3A) , while also increasing Ciita, the master regulator of the MHCII pathway. The TLR4 ligand LPS stimulated Nlrp3, as did TNFα and IL-1β, while the saturated FFA palmitate, which can directly and indirectly activate TLR4 signaling (Pal et al., 2012) , had no effect (Fig. 3A) . IL-1β expression was not induced by IFNγ but, like Nlrp3, was stimulated by IL-1β, TNFα and LPS (Fig. 3B ). Nlrp3 and Casp1 upregulation by IFNγ was dose-dependent and Nlrp3 expression was synergistically increased upon exposure to both IFNγ and LPS (Fig 3C-D) .
Adipocytes of HFD-fed mice promoted antigen-dependent CD4 + T cell IFNγ secretion and adipocyte IL-1β production; IFNγ-neutralizing antibodies fully inhibited IL-1β secretion, and IFNγ directly induced adipocyte IL-1β expression (Fig. 3E-F) . Correspondingly, we found that NLRP3 and PYCARD in human adipocytes expression correlated or trended towards correlation with SVF IFNG expression, as did adipocyte MHCII gene expression and adipose tissue caspase-1 activity (Table S1 ). Strong NLRP3 and PYCARD correlations with MHCII genes in human adipocyte samples thus likely results from shared regulation by IFNγ. SVF IFNG expression, similar to adipocyte NLRP3 and PYCARD expression, also correlated or trended to correlate with age and measures of adiposity, insulin resistance and adipose tissue inflammation (Table S2) , but did not correlate with SVF MHCII, NLRP3 or PYCARD.
Discussion
Secretion of pro-inflammatory factors by adipocytes and immune cells in adipose tissue profoundly alters the adipose tissue microenvironment in obesity, leading to defects in adipocyte differentiation, insulin action and lipid storage, and enhanced lipolysis. Resulting FFA increases promote ectopic lipid accumulation and metabolic derangements, including systemic insulin resistance, mitochondrial dysfunction, and oxidative stress in multiple tissues (Cusi, 2009 ). Both adipocytes and immune cells are implicated to induce adipose inflammation in obesity, but few studies have analyzed isolated adipocytes. Our microarray analysis of adipocytes of lean and obese post-menopausal women with no differences in metabolic syndrome components, but with clinically different systemic inflammation (hsCRP), identified 20 pathways increased in adipocytes of obese subjects, including an intriguing association of the NLR signaling pathway with pathways involved in cytokine signaling and MHCII function.
NLRP3 inflammasome activation requires the recruitment of PYCARD, which must exit the nucleus and combine with pro-caspase-1 to stimulate autocatalytic caspase-1 activation (Bryan et al., 2009 ). Adipose tissue caspase-1 expression increases with obesity (Stienstra et al., 2010) , while NLRP3-, PYCARD-or caspase-1-deficient mice are resistant to HFDinduced obesity, have smaller adipocytes and reveal reduced accumulation of adipose tissue macrophages (Stienstra et al., 2011) . NLRP3-deficient mice also demonstrate less adipose tissue caspase-1 activity, less insulin resistance and fewer adipose CD4 + and CD8 + T cells upon HFD challenge (Vandanmagsar et al., 2011) . Recent work indicates that adipose caspase-1 activation localizes to hypertrophic and degenerating adipocytes surrounded by immune cells (Giordano et al., 2013) . NRLP3 inflammasome activity inhibits adipocyte differentiation, while caspase-1-deficient adipocytes exhibit greater insulin sensitivity, differentiation and fat oxidation capacity than wild-type adipocytes (Stienstra et al., 2010) . Mouse studies thus indicate that adipose NLRP3 inflammasome activity strongly impacts metabolic changes associated with obesity, but not whether adipocytes or macrophages are the primary source of the increased adipose inflammasome activity in obesity.
Equivalent studies are not available in humans, but in a cohort of obese men with type-2 diabetes weight loss correlated with decreased adipose expression of NLRP3 and IL-1β, but not PYCARD, with a positive correlation between adipose IL-1β and plasma glucose reductions (Vandanmagsar et al., 2011) . Adipose tissue IL-1β, but not NLRP3, expression decreased in a second weight loss study (Moschen et al., 2011) . A third study reported increased adipose expression of caspase-1 but not NLRP3, IL-1β or IL-18 in obese vs. lean subjects, where insulin sensitivity correlated with caspase-1 and IL-18 and tended to correlate with NLRP3 (Goossens et al.) . Intriguingly, this study also found NLRP3, IL-1β and caspase-1 correlations with multiple T cell pro-inflammatory markers.
A microarray analysis of human subcutaneous and visceral adipose tissue performed by Klimcakova et al found that immune response genes were the most differentially-enriched among five detected functional groups upon comparison of obese women with metabolic syndrome vs. lean women, (Klimcakova et al., 2011) . This included genes involved in TLR, TNF and NF-κB signaling, apoptosis and antigen processing and presentation, whose expression positively correlated with adiposity and plasma insulin and inversely correlated with glucose disposal rate. Although not discussed by the authors, their data also revealed an increase in 14/57 NLR signaling pathway genes, including PYCARD and IL1B, but no increase in NLRP3 or NLRC4. Similar results were not found by Elbein et al who analyzed subcutaneous adipose tissue from insulin-resistant and -sensitive men and women and detected 50 differentially expressed genes (≥1.5-fold and p<0.1), none of which were found in our analyses (Elbein et al., 2011) . Sex hormone effects may, however, increase inflammatory gene variation in mixed gender populations to obscure differences between insulin-resistant and -sensitive groups. One early microarray study found expression differences in male vs. female subcutaneous adipose tissue, supporting this possibility (Linder et al., 2004) .
There are few microarray studies of isolated human adipocytes. One study of subcutaneous adipocytes from obese vs. non-obese Pima Indians prior to GSEA software development found that inflammation/immune response genes were highly represented in the population of genes up-regulated in obesity, but did not identify any inflammasome-related genes. (Lee et al., 2005) Two later microarray studies found increased expression of amyloid precursor protein (Lee et al., 2008) and inhibin B (Sjoholm et al., 2006) in adipocytes of obese vs. lean subjects, but did not perform gene pathway analyses.
NLRP3 expression and inflammasome activation are triggered by hyperglycemia, saturated FFAs, ceramide, reactive oxygen species and urate, calcium and cholesterol crystals (Latz, 2010; Vandanmagsar et al., 2011) , many of which increase with obesity (Deng et al., 2013a) . Adipocyte NLRP3 and PYCARD expression did not correlate with plasma glucose, triglycerides or cholesterol in our study, but associated with adipocyte NQO1 expression, which correlates with BMI and adipocyte diameter and decreases with weight loss, consistent with attenuation of obesity-induced oxidative lipid and protein damage by weight loss (Palming et al., 2007) . SVF IFNγ expression correlated with NLRP and PYCARD expression in adipocytes but not in SVF. Macrophages are a primary component of SVF during obesity (Weisberg et al., 2003) . Some studies indicate that IFNγ can suppress macrophage NLRP3 inflammasome expression and activity (Guarda et al., 2011; Mishra et al., 2013) , although this regulation appears to partially depend upon cell differentiation and/or polarization status. Thus, adipocytes and adipose tissue macrophages can differentially respond to IFNγ, to produce an adipocyte-dominated NRLP3 inflammasome response in obesity.
Adipocyte NLRP3 and PYCARD expression, however, most closely correlated with adipocyte MHCII expression, which is regulated by pro-inflammatory CD4 + T H 1 cell IFNγ secretion during obesity (Deng et al., 2013b) . IFNγ and TLR4 activation synergistically increased NLRP3 expression, although IL-1β revealed the strongest effect, suggesting that obesity-associated increases in IFNγ and TLR4 signaling may induce NLRP3 inflammasome activity that is subsequently maintained by an autocrine feedback mechanism (Fig. S2) . Further, the NLRP3 effector cytokines IL-1β and IL-18 stimulate IFNγ production by T H 1 and CD8 + T cells (Ben-Sasson et al., 2011; Iwai et al., 2008; Nakanishi et al., 2001) , both of which accumulate in adipose tissue during obesity (Winer et al., 2009; Yang et al., 2010) , suggesting that adipocyte inflammasome activity may contribute to the activation state of adipose resident T-cells.
We propose that IFNγ secretion from activated adipose-resident T cells induces adipocyte NLRP3 inflammasome expression to promote IL-1β and IL-18 secretion that further stimulates T cell IFNγ production, creating a spiraling pro-inflammatory cascade (Fig. S2) . This putative adipocyte-T cell interaction may represent a new therapeutic target for the treatment of obesity-induced insulin resistance and other complications resulting from adipose inflammation. Further investigation of adipocyte NLR pathway changes in both men and women will be important to elucidate the impact of this novel adipocyte-T cell dialogue on obesity-associated metabolic and inflammatory phenotypes. NLRP3 inflammasome activity directly regulates IL-1β secretion (Sutterwala et al., 2006) , which is implicated in beta-cell dysfunction and systemic inflammation in type 2 diabetes (Cavelti-Weder et al., 2012; Larsen et al., 2007) as well as unstable angina (Ridker et al., 2011) . Attenuating adipose NLRP3 inflammasome activity by targeting pro-inflammatory pathways that regulate its increased expression in obesity may be useful to mitigate adipose tissue inflammation and its complications.
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